Although the exact timestamps for arrival to work at the WTC are unavailable, FDNY responders who were present for the collapses of the South and North towers, between 9:59 AM and 10:28 AM on September 11, 2001 (9/11), were likely exposed to the greatest acute noise. The environment of the WTC collapses and relief operations involved sirens, falling debris, searching for remains, shoring timbers, airhammers, gasoline-powered saws, and at least three heavy-lift cranes operating continuously. 5 Personal protective equipment such as halfand full-face respirators was used rarely on 9/11, and intermittently after 9/11, 6,7 and therefore did not provide much protection.
Dust and smoke from the disaster were characterized by the presence of lead, benzene, calcium carbonate, silicate, sulfate, asbestos, fibrous glass, polycyclic aromatic hydrocarbons, naphthalene, PCBs, and powdered concrete. 8 Smoke contains harmful chemicals such as benzene and combustion products including lead. 8 Epidemiological studies of lead-exposed workers suggest heavy metals are a risk factor for hearing loss 9 and animal experiments have repeatedly pointed to the cochleotoxic effects of chronic exposure to benzene and other aromatic solvents, which target the cochlear hair cells and cause irreversible hearing impairment. 10, 11 Due to the noise and chemical exposures present at the WTC site, in addition to possible rescue/recovery related risk factors for hearing loss including ruptured ear drums or head trauma, we undertook this study to examine the possible link between audiological symptoms and a WTC-exposure effect among Fire Department of the City of New York (FDNY) firefighters and emergency medical service workers (EMS).
In this report, covering the period from 9/11 through December 31, 2017, we use serial, cross-sectional analyses to estimate annual rates of otalgia and hearing impairment among FDNY-WTC-exposed members. Second, we use longitudinal cohort analyses to explore a possible association between level of WTC exposure and persistent rates of otalgia and hearing impairment.
| MATERIALS AND METHODS

| Study population
Participants eligible for analysis were active (ie, not retired) FDNY firefighters or EMS as of 9/11 who consented to research, completed a physical health questionnaire, had at least one post-9/11 monitoring exam, and arrived at the WTC disaster site between the morning of 9/ 
| Outcomes
We describe self-reported auditory system functioning through two outcome measures, ear symptoms and hearing problems. For every year interval post-9/11 through 2017, we categorized participants as having ear symptoms if they answered affirmatively to questions which inquired about any experience of ear congestion, pain, and/or ringing in the past 12 months on any of their exams within that interval.
Similarly, for every 1 year post-9/11, hearing problems were identified 
| Statistical analysis
The annual prevalence of ear symptoms and hearing problems was for the high-exposure group). We also ran analyses under a generalized estimating equation (GEE) approach, using marginal logistic regression controlling for centered age and years since 9/11 to estimate the average population effect of predictors over time. The models used an autoregressive within-person correlation structure due to autocorrelation across time; an exchangeable matrix was also considered, but did not fit the data as well.
Sensitivity analyses evaluated the robustness of the observed associations. To ensure that persistent ear and hearing issues were not an artifact of aging, we restricted the population to rescue/recovery workers who were younger than 50 on 9/11 (N = 10 472) and included the following model predictors: work assignment on 9/11, gender, race, smoking history, and centered age. All analyses were performed using SAS, version 9.4 (SAS Institute, Cary, NC).
3 | RESULTS
| Characteristics of the study sample
The study population of 11 893 rescue/recovery participants is described in Table 1 . Among the total population, 17.5% (N = 2080) of rescue/recovery workers were categorized as highly-exposed, 67.8% (N = 8,057) were moderately-exposed, and 14.8% (N = 1756) experienced low levels of exposure. On average, participants completed 9 post-9/11 exams over the 16 years of follow-up. Those with 9 or more exams (N = 7406) were similar to those with shorter follow-up (N = 4487) across gender, race, work assignment on 9/11, and average age on 9/11. Correspondingly, those without exams in the last 2 years of follow-up were demographically comparable to the 74.4% of the population with exams in those years (data not shown).
Serial cross-sectional analyses provided annual prevalence measures of ear symptoms (range 19.5-33.0%) and hearing problems (range 11.9-23.6%) which were highest during the last year of follow-up, as anticipated, due to aging. Annual prevalence was consistently higher among men aged 40-69 years compared with rates in the full cohort until the last years of follow-up ( Figure 1 ).
Of the subpopulation with ≥2 exams, the overall prevalence of persistent ear symptoms and hearing problems was 15.9%
(N = 1829) and 9.5% (N = 1086), respectively; 4.8% (N = 556) of the population reported both outcomes. Among those with persistent ear symptoms and hearing problems, a large majority were, respectively, white (89.8%; 91.2%), male (96.2%; 96.8%), firefighters (87.0%; 89.1%), and most were moderately-exposed (67.6%; 67.6%), consistent with the characteristics of this cohort. Additionally, those persistently reporting ear symptoms and hearing problems took an average of eight exams. Among those with persistent ear symptoms (answer choices were not mutually exclusive), 81.0% ever experienced ringing in the ears, 69.5% ever reported congestion, and 52.2% ear pain. Not included in the multivariable models was a small subgroup of seven workers who reported WTC-related head trauma.
Of this group, 2 reported both persistent ear symptoms and hearing problems, 1 reported only persistent ear symptoms and 1 reported only persistent hearing problems.
| Associations of 9/11-related exposures with ear symptoms and hearing problems
In our multivariable models, the most highly-exposed group had a greater odds of persistent ear symptoms (odds ratio [OR] 1.33, 95% CI 1.11-1.59). However, the slight increase in hearing problems (OR 1.18, 95% CI 0.93-1.47) ( Table 2) , was not statistically significant. Modeling exposure continuously, the odds of reporting persistent ear symptoms increased by 16% with higher levels of exposure (P test for trend P < 0.0001). Results for persistent hearing problems under both exposure modeling techniques were not statistically significant. Our marginal logistic regression models measuring the average population odds of reporting the outcome in each year, illustrate a consistent WTC-exposure gradient over time for both ear symptoms ( Figure 2A) and hearing problems ( Figure 2B ).
In sensitivity analyses, which restricted to workers younger than 50 on 9/11, the results remained similar to those from the full cohort with the most highly-exposed having higher odds ratios as compared to the lowest-exposed: for persistent ear symptoms (OR 1.30, 95% CI These results are important because noise-induced damage to the cochlea may result in vestibular dysfunction and dizziness. 16 In addition, temporary and permanent threshold shifts of hearing acuity have been found to accelerate age-related hearing loss. 17 Although noise level measures were not available during the actual WTC collapse and cleanup periods, we postulate that the experiences of rescue/recovery workers on the pile were probably similar to those of construction workers, who consistently endure above the recommended standard limit of 85 A-weighted decibels (dBA) during a full-shift, 18 an exposure that may cause hearing impairment and noiseinduced hearing loss (NIHL). Exposure measurements adjusted for work assignment on 9/11 (firefighter, EMS), gender, race (white, non-white), smoking history (current, former, nonsmoking), and age centered at 40.
cognition, memory, and attention. 24 Given the significant persistence of ear symptoms and that over 80% with the outcome specifically experienced ringing in the ears (tinnitus), these direct and indirect effects on the auditory system may have resulted from the WTC disaster and warrant strategies for evaluation and treatment.
Furthermore, studies have shown an association between tinnitus and common comorbidities such as anxiety, depression, short sleep duration, and missing work days. 25 The WTCHP already works to address these disorders, but attention to associated ear issues may alleviate their expression or severity, especially among highly-exposed rescue/recovery workers.
Supportive evidence for our findings has previously been reported by rescue/recovery workers who participate in the World Trade Center Health Registry. 4 We built upon their work by using a more stringent definition of persistence, requiring that symptoms be reported on all surveys after their original report, which, on average, incorporated data from 8 years (1 survey from each year). In contrast, the Registry definition required symptoms reported at two time points.
Nonetheless, our prevalence of persistent hearing problems (9.5%) was double the 4.4% among rescue/recovery workers reported by the Registry, which is consistent with the very high WTC exposure levels experienced by the FDNY population. Serial cross-sectional models show a WTC exposure gradient across time for the prevalence of selfreporting hearing problems; however, the cohort models of persistent hearing problems did not find significant associations, which the Registry reported for the most exposed participants (those unable to hear in the dust cloud) using a less stringent definition of persistence.
We grouped auditory issues into separate categories of discomfort within the physical ear and hearing itself. Our outcome of ear symptoms which included pain, ringing, and congestion, captured noise-induced hearing loss caused by extremely loud bursts of sound that strongly impact inner ear structures by damaging sensory tissue and possibly causing tinnitus. 26 Although symptoms may subside, our measure of hearing problems which included decreased hearing, hearing aid use (or recommended use) and difficulty hearing, describes the progressive degeneration of sensory tissue that can occur over time. 26 Our study has both strengths and limitations. The first limitation is that is unclear whether our outcome measures reflect clinical hearing loss; further research into FDNY audiological data may elucidate this uncertainty. Second, our study was not able to estimate or control for historical occupational or leisure noise level or baseline hearing status. NIOSH had no role in study design; collection, analysis, and/or interpretation of data; writing the report; and the decision to submit the report for publication.
ETHICS APPROVAL AND INFORMED CONSENT
This work was performed at the Fire Department of the City of New
York. The Albert Einstein College of Medicine Institutional Review
Board reviewed and approved this study. Data were used from participants who provided written consent.
DISCLOSURE (AUTHORS)
All authors received support from grants and/or contracts from the National Institute for Occupational Safety and Health.
DISCLOSURE BY AJIM EDITOR OF RECORD
John Meyer declares that he has no competing or conflicts of interest in the review and publication decision regarding this article.
DISCLAIMER
The Fire Department of the City of New York had no role in study design; collection, analysis, and/or interpretation of data; writing the report; and the decision to submit the report for publication.
